Nuclear Heating Measurement in Critical Facilities and Experimental Validation of Code and Libraries – An Application to Prompt and Delayed γ Nuclear Data Needs  by Blaise, P. et al.
 Physics Procedia  59 ( 2014 )  3 – 16 
Available online at www.sciencedirect.com
1875-3892 © 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).

















GHVLJQ VWXGLHV DV WKH\ SOD\ DQ LPSRUWDQW UROH LQ WKH DVVHVVPHQW RI SHUIRUPDQFH DQG VDIHW\ FRQFHUQV 7KHLU LQFRPSOHWH
NQRZOHGJHERWKSURPSWDQGGHOD\HGUHTXLUHWRWDNHFRQVHUYDWLYHGHVLJQPDUJLQVRQORFDOGLPHQVLRQLQJSDUDPHWHUVWKXV
UHGXFLQJWKHDZDLWHGSHUIRUPDQFHVRUIOH[LELOLW\RIWKHVHIDFLOLWLHVZLWKFRVWVWKDWDUHIDUIURPEHLQJQHJOLJLEOH7KHORFDO
HQHUJ\SKRWRQGHSRVLWPXVW EH DFFXUDWHO\NQRZQ IRU*HQHUDWLRQ,,, *HQ,,,*HQHUDWLRQ,9 *HQ,9RU WKHQHZ075
-XOHV +RURZLW] 5HDFWRU -+5 7KH ODVW  GHFDGHV KDV VHHQ WKH UHDOL]DWLRQ LQ =HUR 3RZHU 5HDFWRUV =35 RI VHYHUDO






0RQWH &DUOR FDOFXODWLRQ RI FKDUJH UHSDUWLWLRQ LQ WKRVH GHWHFWRUV DQG WKHLU HQYLURQPHQW ZHUH FDUHIXOO\ FKHFNHG DQG
RSWLPL]HG7KLVVWHSHQDEOHG WRUHGXFH WKHDVVRFLDWHGH[SHULPHQWDOXQFHUWDLQW\E\DIDFWRURIDWV1HYHUWKHOHVV
LQWHUSUHWDWLRQRI LQWHJUDOH[SHULPHQWZLWKXSGDWHGFDOFXODWLRQVFKHPHVDQG LPSURYHGH[SHULPHQWDO WHFKQLTXHVVWLOO WHQG WR
SURYHWKDWWKHUHDUHVRPHQXFOHLIRUZKLFKWKHUHDUHPLVVLQJRUHUURQHRXVGDWDPDLQO\LQVWUXFWXUDODQGDEVRUELQJPDWHULDOV
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±FKDOOHQJLQJ V LQSRZHUUHDFWRUDQGV LQ WKH-+5H[SHULPHQWDOSRVLWLRQV5LPSDXOWHWDO
 7KH GHWDLOHG UHDVRQ IRU ZKLFK WKH ORFDO HQHUJ\ SKRWRQ GHSRVLW PXVW EH DFFXUDWHO\ DFFRXQWHG IRU LV
VWURQJO\OLQNHGWRWKHQRYHOIHDWXUHVRIWKRVHUHDFWRUV 
,QGHHGWKHJHQHUJ\LVIDUIURPEHLQJQHJOLJLEOHDQGDFFRXQWVIRUDERXWRIWKHWRWDOHQHUJ\UHOHDVHGLQWKH
FRUH RI D WKHUPDO RU IDVW UHDFWRU7KLV JHQHUJ\ UHOHDVH LVPXFK JUHDWHU LQ WKH FRUH RI WKH UHDFWRU WKDQ LQ LWV
VWUXFWXUDOVXEDVVHPEOLHVVXFKDVUHIOHFWRUFRQWUROURGIROORZHUVGXPP\VXEDVVHPEOLHV+RZHYHUEHFDXVH
















ILVVLRQ WKH UDGLDWLYH FDSWXUH DQG LQHODVWLF VFDWWHULQJ 7KH QXPEHU RI HPLWWHG Ȗ GHSHQGV RQ WKH W\SH RI
LQWHUDFWLRQRIWKHLQFLGHQWDOQHXWURQHQHUJ\DQGWKHWDUJHWFRUH%\UDGLRDFWLYHGHFD\RIWKHILVVLRQSURGXFWVRU
E\ DFWLYDWLRQ WKHUH LV DOVR Ȗ HPLVVLRQ ZKLFK GHSHQGV RQ WLPH DQG FDOOHG GHOD\HG HPLVVLRQ *DPPDV
SURSDJDWH DORQJ VHYHUDO FHQWLPHWHUV EHIRUH EHLQJ DEVRUEHG 7KH PRVW LPSRUWDQW LQWHUDFWLRQV DUH WKH
SKRWRHOHFWULFHIIHFW&RPSWRQGLIIXVLRQDQGWKHSURGXFWLRQRISDLUV0RUHLPSRUWDQWWKHJDPPDHQHUJ\LVEHLQJ
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ZKHUH U1L * LV WKH QXPEHU GHQVLW\ RI HOHPHQW L  U(. ML * WKH JDPPD .(50$ IDFWRU IRU HOHPHQW L DQG
UHDFWLRQ[DWLQFLGHQWHQHUJ\(DQG  U( *) LVWKHJDPPDVFDODUIOX[,QUHDFWRUVWXGLHV.(50$LVXVHGMXVW
OLNHDPLFURVFRSLFUHDFWLRQFURVVVHFWLRQH[FHSW WKDW LWVXQLW LVHQHUJ\FURVVVHFWLRQXVXDOO\ >H9EDUQV@7KH
JDPPD.(50$FDQEHREWDLQHGIURPWKHEDVLFJDPPDLQWHUDFWLRQFURVVVHFWLRQVDFFRUGLQJWR

                                 U(((U(. [L[LML ** V 

ZKHUH  U([L *V  LV WKHPLFURVFRSLFFURVVVHFWLRQDQG [L(   WKHDYHUDJHHQHUJ\RI WKHJDPPDVSURGXFHGDVD
FRQVHTXHQFHRIUHDFWLRQW\SH[,QWDEXODWLRQVRIJDPPDLQWHUDFWLRQGDWDRQHGRHVQRWXVXDOO\ILQGWKHJDPPD
.(50$ IDFWRUV EXW UDWKHU TXDQWLWLHV RI LQWHUHVW IRU 'RVLPHWU\ VXFK DV WKH PDVV HQHUJ\WUDQVIHU FRHIILFLHQW
PWUUL( RU WKHPDVV HQHUJ\DEVRUSWLRQ FRHIILFLHQW PHQUL(7KH.(50$ IDFWRUV DUH UHODWHG WR WKHPDVV
HQHUJ\WUDQVIHUFRHIILFLHQWVE\















,QRUGHU WRYHULI\ WKHDGHTXDF\RI WKHȖKHDWLQJFDOFXODWLRQ7/'DQGȖILVVLRQFKDPEHUV DUHXVXDOO\ XVHG WR
GHULYH WKH H[SHULPHQWDO KHDWLQJ YDOXHV ([SHULPHQWDO SURJUDPV ZHUH DQG DUH VWLOO FRQGXFWHG LQ GLIIHUHQW
&DGDUDFKH IDFLOLWLHV VXFK DV0$685&$ IRU 6)50,1(59( DQG(2/( IRU -+5 DQG*HQ,,, UHDFWRUV
5HFHQW SKRWRQ SURGXFWLRQ GDWD KDV EHHQ LPSOHPHQWHG LQ WKH -()) QXFOHDU GDWD OLEUDU\ LW QRZ FRQWDLQV
PRVW RI WKH UHTXHVWHGPXOWLSOLFLWLHV DW OHDVW IRU ILVVLRQLQJ QXFOHL+RZHYHU WKHUH DUH VRPH QXFOHL IRUZKLFK
WKHUHDUHPLVVLQJRU HUURQHRXVGDWDZKLFKQHHG WREHFRPSOHWHGRUPRGLILHG$ UHYLHZRI WKHGDWD DYDLODEOH




7KH QXFOHDU KHDWLQJ PHDVXUHPHQWV 7/'V LUUDGLDWLRQV RI WKH $'$3K H[SHULPHQWDO SURJUDP KDYH EHHQ
SHUIRUPHGLQWKH82FRUHRIWKH0,1(59(UHVHDUFKUHDFWRUDWWKH&($&DGDUDFKHLQ%ODQFKHWHWDO
 7KH FRPSDULVRQ EHWZHHQ FDOFXODWHG DQG PHDVXUHG SKRWRQ DEVRUEHG GRVHV LQ 7/'V VKRZHG D ODUJH
XQGHUHVWLPDWLRQRIWKH0,1(59(82FRUHWKHDYHUDJHGLVFUHSDQF\ZDV&( ı$V8LVWKH




7KH WKHPDWLF RI JDPPD SURGXFWLRQ DQG PHDVXUHPHQWV ERWK GLUHFW DQG LQGLUHFW KDV JDLQHG D FRQVLGHUDEOH
LQWHUHVW LQ &($ WKRVH ODVW  \HDUV DQG VHYHUDO 3K' WKHVHV KDYH EHHQ ODXQFKHG IRU DGGUHVVLQJ UHODWHGPDMRU
WRSLFV 5HFHQWO\ 5DYDX[ DQG %HUQDUG SHUIRUPHG D YHU\ FRPSUHKHQVLYH ZRUN WR FRPSOHWH 1XFOHDU 'DWD
OLEUDULHV7KHZRUNLVGHWDLOHGLQ5DYDX[DQG%HUQDUG,QSDUDOOHOWKHRUHWLFDOZRUNPDGHE\/LWDL]HHW
DO5HJQLHUHWDOZDVGHYRWHGWRWKH),)5(/,10RQWH&DUORVLPXODWLRQFRGHZKHUHDUHILQHGPRGHOLV
SURSRVHG LQ RUGHU WR PDNH D UHOLDEOH GHVFULSWLRQ RI WKH GLVWULEXWLRQV UHODWHG WR ILVVLRQ IUDJPHQWV DV ZHOO DV
SURPSW QHXWURQ DQG Ȗ HQHUJLHV DQG PXOWLSOLFLWLHV 5HJQLHU HW DO  ,Q SDUDOOHO DQ H[SHULPHQWDO
LQYHVWLJDWLRQRIQRYHOWHFKQLTXHVIRUPHDVXULQJJKHDWLQJLQH[SHULPHQWDOUHDFWRUVOHGWRDPDMRULPSURYHPHQW
RI H[SHULPHQWDO SURWRFROV DQG DVVRFLDWHG XQFHUWDLQWLHV $PKDUUDN HW DO  /DVW EXW QRW OHDVW DGGLWLRQDO
ZRUN LV RQ JRLQJ IRU WKH GHYHORSPHQW RI FDOFXODWLRQ VFKHPHV IRU -+5ZLWK D VSHFLDO HPSKDVLV RQJ KHDWLQJ
/HPDLUHHWDO

2XU DLP KHUH LV WR GHWDLO KRZ SURPSW DQG GHOD\HG JDPPDV DUH PHDVXUHG LQ =35V ZKDW DUH WKH PDMRU
LPSURYHPHQWV LQ H[SHULPHQWDO WHFKQLTXHV WR DVVHVV WKH ORFDO GRVH LQ WKH GHWHFWRU DQG FRQVHTXHQWO\ WKH J
KHDWLQJ7KLVZLOOEHWKHVXEMHFWRISDUW7KHH[SHULPHQWDOGDWDDVZHOODVVRPH&(UHVXOWVZLOOEHGHWDLOHGRQ
WZR UHFHQW SURJUDPV PDGH LQ WKH &DGDUDFKH (2/( &ULWLFDO )DFLOLW\ 3(5/( IRU WKH WKLFN VWDLQOHVV VWHHO
UHIOHFWRUFKDUDFWHUL]DWLRQLQ*HQ,,,FRUHGHVLJQ5DYDX[9DJOLR*DXGDUGHWDODQGDIWHUZDUGVLQ
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SRVVLEOH DV LW LV WKH FDVH LQ075V )RXUPHQWHO HW DO  6R GLUHFW DFFHVV WR SKRWRQ IOX[ LQ WHUPV RI











7KH GRVLPHWHUV DUH FRPSRQHQWV PDGH RI LRQLF FU\VWDO 7KH FU\VWDO FRQWDLQV SRLQW GHIHFWV JHQHUDWHG E\ WKH
DGGLWLRQRI LPSXULWLHV0QRU&LQWKH$0021FDVH7KHLQWURGXFWLRQRI WKHVHGHIHFWV LQ WKHFU\VWDO ODWWLFH
SHUWXUEVWKHDWRPSHULRGLFLW\DQGFUHDWHVORFDOL]HGHQHUJ\VWDWHVLQWKHEDQGJDS0pWLYLHUHWDO,QGHHG










7KH HQHUJ\ VWRUHG LQ WKH WUDSV LV SURSRUWLRQDO WR WKH GHSRVLWHG GRVH LQ WKH FU\VWDO:KHQ WKH GRVLPHWHUV DUH
WKHUPDOO\RURSWLFDOO\VWLPXODWHGLWYLEUDWHVLRQVFORVHWRWKHLUQRUPDOORFDWLRQ7KHWUDSSHGHOHFWURQVPRYHDQG
WKH\ILQDOO\EUHDNIUHHIURPWKHLUWUDSV7KHQWKH\FDQPRYHIUHHO\LQWKHFU\VWDOXSWRWKHLUUHFRPELQDWLRQZLWK
DKROHZKLFKLVDVVRFLDWHGZLWKDSKRWRQHPLVVLRQLI WKHFHQWUHRI WKHKROH LVD OXPLQHVFHQWFHQWUHFDVHRID
UDGLDWLYH UHFRPELQDWLRQ *DUOLFN DQG *LEVRQ  1RWH WKDW D FRQGXFWLRQ EDQG PHGLDWHG FKDUJH WUDQVIHU
DFURVV WKH  OHYHOV WUDS DQG UHFRPELQDWLRQ FHQWUH LV QRW V\VWHPDWLF IRU WKH 26/' 7KH SKRWRQ HQHUJ\
FRUUHVSRQGV WR WKHGLIIHUHQFHEHWZHHQ WKH OHYHO HQHUJ\RI WKHFRQGXFWLRQEDQGDQG WKH UHFRPELQDWLRQFHQWUH
































































6LQFH WKH OXPLQHVFHQW GRVLPHWU\ LV D UHODWLYHPHWKRG WKH FDOLEUDWLRQ HQDEOHV WR GHWHUPLQH DQ DEVROXWH GRVH
YDOXH ZKHQ PHDVXULQJ SKRWRQ KHDWLQJ ZLWK 7/'V26/'V ,W FRQVLVWV LQ DVVRFLDWLQJ WKH 7/'26/'
OXPLQHVFHQFHVLJQDO LH WKHFKDUJHVSXOVHVFROOHFWHGE\WKHUHDGHUZLWKDQHQHUJ\GHSRVLWLRQ7KHUHIHUHQFH
TXDQWLW\PHDVXUHG IRU HQHUJ\GHSRVLWLRQ LV WKHSKRWRQ.(50$.LQHWLF(QHUJ\RI WKH &R VRXUFH ,QGHHG
WKLV SKRWRQ VRXUFH LV FRQVLGHUHG UHSUHVHQWDWLYH RI D UHDFWRU SKRWRQ VSHFWUXP WKH &R GHFD\ OHDGV WR WKH 
HTXLSUREDEOHSKRWRQUD\HPLVVLRQDWDQG0H9ZKHUHDVWKHPHDQHQHUJ\RISURPSWILVVLRQSKRWRQVLV
QHDU0H9 
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7KHVH OXPLQHVFHQW GRVLPHWHUV DUH LQVHUWHG LQ F\OLQGHUVKDSH $* LURQ RU +I SLOOER[HV )LJ  ZKRVH
GLPHQVLRQVDUHH[Wî+PPLQIDFWRSWLPL]HGIURP0RQWH&DUORFDYLW\FDOFXODWLRQLHWKLFNHQRXJKWR














7KHSLOOER[HVDUHSODFHGP IDU IURP WKH VRXUFH LQRUGHU WR FRQVLGHUQRYDULDWLRQRI WKHGRVH UDWHGXH WRD
YDULDWLRQRIWKHGRVLPHWHUVORFDWLRQLQVLGHWKHSLOOER[DQGIURPRQHSLOOER[WRDQRWKHUVLQFHVHYHUDOSLOOER[HV




6HSDUDWH H[SRVXUHV DUH UHDOL]HG RQGLIIHUHQW GRVH OHYHOV UDQJLQJ IURP P*\ WR *\ E\ LQFUHDVLQJ WKH






















7/' DUH HQFDSVXODWHG LQ SLOOER[HV RI DGHTXDWH PDWHULDO ZKRVH WKLFNQHVV LV GHVLJQHG WR HQVXUH HOHFWURQLF
HTXLOLEULXP$QH[DPSOHRISUHGHVLJQDQDO\VLVLVUHSURGXFHGRQILJXUH7KRVHSLOOER[HVDUHWKHQIL[HGDORQJ
DPPWKLFNOXFRIOH[VXSSRUWSRVLWLRQHGDWRQHPHWHUIURPDFROOLPDWHG&RJDPPDUD\VRXUFH$QH[DPSOH
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FRUH7KHH[SHULPHQWDOWRWDOGRVHLQWHJUDWHGE\WKH7/'VDQG26/'VLQD=35PXVWEHFRUUHFWHGIRUWKH
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ZKHUH
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 3DLU.J LV WKH SURPSW SKRWRQ .(50$ ,W UHVXOWV IURP 0RQWH&DUOR QJ VLPXODWLRQV H[SUHVVHG LQ
JDPPD.(50$LQDLUDWWKHLUUDGLDWLRQORFDWLRQRIWKHGHWHFWRU
 'DLU.J LVWKHSKRWRQ.(50$GXHWRGHOD\HGHPLVVLRQVIURPILVVLRQSURGXFWVGHFD\
 FRQILJDLU.J DQG FRQILJ'(  DUH UHVSHFWLYHO\ WKH SKRWRQ .(50$ DQG SKRWRQ HQHUJ\ GHSRVLWLRQ LQ
7/'V26/'VLQWKHQHXWURQSKRWRQHOHFWURQVLPXODWLRQRULQWKHSKRWRQHOHFWURQVLPXODWLRQ
 3)  LVWKHSRZHUQRUPDOL]DWLRQIDFWRUHTXDOWR
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 LUUDGW LVWKHLUUDGLDWLRQWLPH 


















FDVFDGH VKRZHU ZLWK ERWK HOHFWURQV DQG SRVLWURQV $ SDUWLFOH Q J HH FRQWLQXRXV HQHUJ\ IXOO ' FRUH
FDOFXODWLRQLVSHUIRUPHG7KHGHSRVLWHGHQHUJ\LVWDOOLHGVHSDUDWHO\IRUWKHSDUWLFOHVLQWKHGRVLPHWHUVZLWKWKH
GRVH HVWLPDWRU 7KH PD[LPXP UDQJH RI QHXWURQV DQG SKRWRQV FRUUHVSRQGV UHVSHFWLYHO\ WR IHZ DQG VHYHUDO
FHQWLPHWHUV)RUHOHFWURQVLWFRUUHVSRQGVWRVRPHPLOOLPHWHUV 

1HXWURQ DQG SKRWRQ WUDQVSRUW LV VLPXODWHG RQ WKH ZKROH WKUHHGLPHQVLRQDO FRUH IURP  WR 0H9 IRU




EH XVHG WR FDOFXODWH WKH Ȗ IOX[ DQG FRQVHTXHQWO\ WKH Ȗ HQHUJ\ GHSRVLWLRQ XVLQJ .(50$ .LQHWLF (QHUJ\ 5HOHDVH LQ
0DWHULDOV
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0H9 WR  NH9 RQ D UHVWULFWHG JHRPHWU\ IRU HDFK PHDVXUHPHQW ORFDWLRQ ,W LQFOXGHV WKH GRVLPHWHUV WKH
SLOOER[HVDQGDFPWKLFNHQYLURQPHQWDURXQGWKHSLOOER[HV7KHHQYLURQPHQWLVPDLQO\FRPSRVHGRI$O)RU






7KH 3(5/( H[SHULPHQW )UHQFK DFURQ\P IRU +HDY\ 5HIOHFWRU ([SHULPHQW LQ (2/( ZDV SHUIRUPHG LQ WKH
(2/( IDFLOLW\ EHWZHHQ  DQG  5DYDX[  7KH SURJUDP ZDV GHGLFDWHG WR WKH SK\VLFV RI WKLFN
VWDLQOHVVVWHHOUHIOHFWRUIRUHVHHQLQWKH)UHQFK*HQ,,,3:5V7KHFRUHLVFRPSRVHGRIVWDQGDUG3:58
HQULFKHG 82 IXHO SLQV ZLWK =LUFDOR\ FODGGLQJ ,Q RUGHU WR SDWWHUQ DQ DQDO\WLFDO RQHGLPHQVLRQDO '
IXHOUHIOHFWRU LQWHUIDFH WKH3(5/(FRQILJXUDWLRQ LVFRPSRVHGRID UHJXODUîVTXDUHFRUH7KHFP
ODWWLFHSLWFKDOORZVDUHSUHVHQWDWLYH3:5VSHFWUXP7KHODWWLFHSLWFKLVVXUURXQGHGE\DFPWKLFN66EORFN
7KHSRVLWLYHUHDFWLYLW\ZRUWKRIWKHKHDY\UHIOHFWRULVDURXQGSFP7KHFRUHLVSODFHGLQWKHFHQWHURIWKH
FPGLDP(2/(LQQHUYHVVHO7KUHHEORFNVDUHKROORZHG)LJRQ WKHPDLQPHGLDQSODQHGRZQ WR WKH
FRUHPLGSODQH VRPHDVXUHPHQW GHYLFHV FDQ EH LQVHUWHG VXFK DV ILVVLRQ FKDPEHUV RU DFWLYDWLRQ IRLOV 7KHVH







IXUWKHU LQWR WKH PDWHULDO DQG LWV LQIOXHQFH RQ WKH ORFDO KHDWLQJ )LJXUH  UHSURGXFHV WKH FDOFXODWHG SKRWRQ
VSHFWUXP LQ WKH7/'IRUYDULRXVGHSWKV LQ WKH VWDLQOHVV VWHHO UHIOHFWRU)RU WKH VDNHRI FRQYHUJHQFH D FXWRII
HQHUJ\ KDV EHHQ SXW DW NH9 $V H[SHFWHG WKH QXPEHU RI SKRWRQ GHFUHDVHV DV RQH JRHV GHHSHU LQWR WKH
PDWHULDOV SLOOER[  LQ WKH FRUH FHQWUH WR SLOOER[  DW WKH H[WHUQDO SDUW RI 66 UHIOHFWRU 6HYHUDO
FKDUDFWHULVWLFV SHDN DUH SUHVHQW DQQLKLODWLRQSHDO DW NH9 SKRWRQSHDNV FORVH WR NH9DQGNH9
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DV D IXQFWLRQ RI WKH 0RQWH &DUOR FDOFXODWLRQ VFKHPH XVHG IRU WKH LQWHUSUHWDWLRQ 7KH UHIHUHQFH VFKHPH
FRUUHVSRQG WR D IXOO ' RQHWKURXJK FDOFXODWLRQ DV WKH RSWLPL]HG VFKHPH KDV VSOLW WKH SUHYLRXV RQH LQ WZR










2Q WKHDYHUDJHJKHDWLQJ LVZHOO UHSURGXFHGE\ERWK0RQWH&DUOR VFKHPHV7KHGHWDLO SRVLWLRQE\SRVLWLRQ
VKRZVKRZHYHUVRPHLQWHUQDOGLVFUHSDQFLHVWKHJDPPDIOX[LVZHOOSUHGLFWHGLQWKHILUVWLQWHUQDOSRVLWLRQWKH
GLVFUHSDQFLHV LQFUHDVLQJ DV WKH GHSWK LQFUHDVHV 6RPH FRQYHUJHQFH SUREOHPV DOVR DULVH LQ WKH UHIHUHQFH
FDOFXODWLRQ OHDGLQJ WR RYHUDOO XQFHUWDLQWLHV JUHDWHU WKDQ WKH VLPSOLILHG PRGHO 0RUHRYHU DVVRFLDWHG






$ QHZ H[SHULPHQWDO SURJUDP QDPHG$0021 .OHLQ HW DO  ZDV SHUIRUPHG IURP ODWH  WR HDUO\
 LQ WKH (2/( ]HURSRZHU FULWLFDO PRFNXS DW &($ &DGDUDFKH WR SURYLGH GDWD IRU WKH H[SHULPHQWDO
YDOLGDWLRQ RI WKH QHXWURQ DQG SKRWRQ -+5 FDOFXODWLRQ WRROV 7KH $0021 H[SHULPHQW VHH )LJ  IRU WKH
UHIHUHQFH FRQILJXUDWLRQ FRQVLVWV RI DQ H[SHULPHQWDO ]RQH GHGLFDWHG WR WKH DQDO\VLV RI WKH -+5 QHXWURQ DQG
SKRWRQSK\VLFVVXUURXQGHGE\DGULYHU]RQH7KHH[SHULPHQWDO]RQHIRUWKHUHIHUHQFHFRQILJXUDWLRQFRQWDLQV
-+5 VWDQGDUG DVVHPEOLHV LQVHUWHG LQ DQ DOXPLQLXP DOOR\ KH[DJRQDO UDFN  FP VLGH OHQJWK 7KH H[WHUQDO
GLDPHWHURIWKH-+5DVVHPEO\LVDERXWFPIRUDFPDFWLYHOHQJWK7KHIXHOSODWHVDUHFRPSRVHGRI86L
$O IXHO ZLWK D  8 HQULFKPHQW DQG$O)H1L FODGGLQJ 7KH GULYHU ]RQH LV FRPSRVHG RI  VWDQGDUG
3UHVVXUL]HG:DWHU5HDFWRU 3:5  8 HQULFKHG82 IXHO SLQV ZLWK=LUFDOR\ FODGGLQJ DQG VWDLQOHVV
VWHHORYHUFODGGLQJ7KHKH[DJRQDOODWWLFHSLWFKRIWKHGULYHUSLQVZDVRSWLPL]HGLQRUGHUWRUHSURGXFHDVZHOO






GHYLFHFRPSRVHGRIKDIQLXPFRQFHQWULF WXEHVVLPXODWLQJD-+5FRQWUROURG WRWDOO\ LQVHUWHGLQ WKH
FHQWUDODVVHPEO\
 D FRQILJXUDWLRQ $0021%HZLWK D EHU\OOLXP EORFN DERXW FP GLDPHWHU UHSODFLQJ WKH FHQWUDO
DVVHPEO\RIWKHH[SHULPHQWDO]RQH

)RXU W\SHVRIGRVLPHWHUVDUHXVHG IRU WKHSKRWRQKHDWLQJPHDVXUHPHQW7/'V7/'V37/VDQG




















&DOFXODWLRQ DQG ([SHULPHQW EURXJKW LQWR UHOLHI D VOLJKW V\VWHPDWLF XQGHUHVWLPDWLRQ RI WKH FDOFXODWHG JOREDO
SKRWRQHQHUJ\GHSRVLWLRQ&(( V9DJOLRHWDO7KHVOLJKWXQGHUHVWLPDWLRQFRXOG
EHSUREDEO\H[SODLQHGE\DQXQGHUHVWLPDWLRQLQWKHSKRWRQHPLVVLRQZLWKWKH-())OLEUDU\









7KH JKHDWLQJ LQ &,5$12 DQG %$/=$& H[SHULPHQWDO SURJUDPV LQ WKH 0$685&$ IDFLOLW\ KDYH EHHQ
SHUIRUPHGXVLQJ7/'DQGJILVVLRQFKDPEHUV/WKLHWDO7KH&(YDOXHVSHUIRUPHGLQWKH¶VSRLQWHG
RXW D VLJQLILFDQW XQGHUHVWLPDWLRQ E\ DERXW  LQ WKH 3X282 FRUH UHJLRQ PDLQO\ GXH WR WKH SURPSW
FRPSRQHQWRIWKHJKHDWLQJE\LQWKHUHIOHFWRUDQGE\LQWKHGLOXHQW]RQH0RUHRYHUWKHUDWKHUORZ
XQFHUWDLQWLHV RI DERXW  VHHP UDWKHU RSWLPLVWLF DV UHJDUGV WR WKH PRVW UHFHQW H[SHULPHQWDO YDOXHV  7KH
FRPSDULVRQRIFDOFXODWHGDQGPHDVXUHGȖKHDWLQJYDOXHVVKRZHGDQXQGHUHVWLPDWLRQLQGLFDWLQJWKDWIRUWKHPRVW
ȖSURGXFWLRQGDWDIURP3XLQWKHXVHGQXFOHDUGDWDOLEUDU\EDVHGRQ-()ZDVKLJKO\VXVSLFLRXV7KHILUVW
HYDOXDWLRQSULRULW\ VKRXOG EH IRU SURPSW JPXOWLSOLFLW\ IRU 8 DQG 3X ILVVLRQEXW VLPLODU YDOXHV IRU RWKHU
DFWLQLGHVVXFKDV3XDQG8DUHDOVRUHTXLUHG
7KHQHZ*(1(6,6SURJUDPLQVXSSRUWWRWKH$675,'*HQ,96)5WHFKQRORJLFDOGHPRQVWUDWRUDQGSODQQHGLQ
0$685&$ IRU  VKRXOG WDNH DGYDQWDJH RI WKH UHFHQW LPSURYHPHQW LQ ERWK H[SHULPHQWDO DSSURDFK DQG





IRU *HQ,,, ,9 DQG IXWXUH 075 WR DVVHVV DQG JXDUDQWHH VDIHW\ DQG SHUIRUPDQFH FULWHULD  ,QWHJUDO
PHDVXUHPHQWV SHUIRUPHG LQ WKHUPDO (2/( 0,1(59( DQG IDVW 0$685&$ FULWLFDO IDFLOLWLHV KDYH
GHPRQVWUDWHG D VLJQLILFDQW XQGHUHVWLPDWLRQ RI WKH WRWDO JKHDWLQJ OLQNHG WR LPSRUWDQW H[SHULPHQWDO
XQFHUWDLQWLHV ,Q D SRZHU UHDFWRU DQ\ JDLQ LQ SHUIRUPDQFH FDQ EH WUDQVODWHG LQ TXDQWD RI XQLW PRQH\ LH
PLOOLRQVRIHXURV7KHXQGHUHVWLPDWLRQRIJKHDWLQJKDVLPSRUWDQWLPSDFWRQVHYHUDOFRUHVWUXFWXUHVDQGGHYLFHV









QXFOHDUGDWD OLEUDULHV DUH VWLOO EDVHG RQ H[SHULPHQWV SHUIRUPHG LQ WKH HDUO\ ¶V DQG D KLJK XQFHUWDLQW\ LV
H[SHFWHGRQTXDQWLWLHVOLNHWRWDOJHQHUJ\RUPXOWLSOLFLW\7RUHGXFHWKHSUHVHQWXQFHUWDLQWLHVWKHWRWDOHQHUJ\
PXOWLSOLFLW\DQGWKHVSHFWUXPVKDSHRISURPSWSKRWRQVHPLWWHGLQILVVLRQQHHGVWREHDFFXUDWHO\PHDVXUHG7KH
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7KHSURPSWJUD\V IURPWKHILVVLRQRI83XDQGWRD OHVVHUH[WHQW3XFRQWULEXWHSUHGRPLQDQWO\WR WKH
WRWDOJHQHUJ\UHOHDVHLQWKHUPDORUIDVWFRUHVIXHOHGZLWKHLWKHUXUDQLXPR[LGH82[RUPL[HGR[LGH02[
7KHFKDUDFWHULVWLFVRIJUD\VPXOWLSOLFLW\WRWDOHQHUJ\DQGVSHFWUXPVKDSHSURGXFHGE\UDGLDWLYHFDSWXUHDQG
LQHODVWLF VFDWWHULQJ UHTXLUH LPSURYHPHQW IRU VRPH VSHFLILFPDWHULDOV *G IRU LQVWDQFH+RZHYHU WKHJIURP












)RU VFDWWHULQJ $O LURQ DQGRU DEVRUELQJ PDWHULDOV SUHVHQW LQ VWUXFWXUHV DQG FRQWURO PHFKDQLVPV LURQ




5HJQLHU HW DO  7KH IXWXUH LQWHUSUHWDWLRQ RI $0021+I JKHDWLQJ PHDVXUHPHQWV VKRXOG LQILUP RU
FRQILUPWKH-())HYDOXDWLRQV
5HIHUHQFHV
$PKDUUDN + HW DO ©'HYHORSPHQW DQG RSWLPL]DWLRQ RI QXFOHDU KHDWLQJ PHDVXUHPHQW WHFKQLTXHV LQ =HUR 3RZHU
H[SHULPHQWDO5HDFWRUVª3URF,QW&RQI$1,00$0DUVHLOOH)UDQFH
%LOOQHUW5+DPEVFK)-2EHUVWHGW$DQG2EHUVWHGW63K\V5HY&
%ODLVH3HW DO ³5HFHQWDYDQFHV LQJDPPDKHDWLQJPHDVXUHPHQWV LQ IXOO02;FRUHVXVLQJ7/' WHFKQLTXH WKH$'$3K
SURJUDPPH´3URFRI*OREDO7VXNXED-DSDQ2FWREHU
%ODQFKHW'HWDO$QQRI1XF(QHU









5HDFWRUQHXWURQDQGSKRWRQ+2586'FDOFXODWLRQ VFKHPH´3URF ,QW&RQI ,*255%HLMLQJ&KLQD2FWREHU








16   P. Blaise et al. /  Physics Procedia  59 ( 2014 )  3 – 16 
2EHUVWHGW$%HOJ\D 7%LOOQHUW5%RUFHD5%U\Ğ 7*HHUWV:*ĘĘN$+DPEVFK)-.LV=0DUWLQH]7
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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6HSW
5DYDX[63K'WKHVLV8QLYHUVLWpGH*UHQREOH
5HJQLHU'/LWDL]H26HURW23K\V3URF
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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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